Introduction
Orthopteran acoustic signals are amongst the most common sounds of the grassland habitats in Europe (Heller 1988; Ragge & Reynolds 1998) . A number of species produce conspicuous, loud songs, while others emit mainly ultrasonic signals with audible frequency components that are hardly detectable to the human ear. The main function of the majority of orthopteran sound signals is to help pair formation between conspecific males and females, conveying information about the location, species identity and personal properties of the singers (e.g., Ewing 1989; Kalmring et al. 1997; Stumpner & von Helversen 2001; Robinson & Hall 2002) . Closely related morphologically less differentiated species often use conspicuously differentiated acoustic signals, which therefore can be used efficiently examining species-level taxonomic problems (Ingrisch 1991; Ragge & Reynolds 1998; Walker et al. 2003; Heller et al. 2004; Orci et al. 2005) . On the other hand, those acoustic signals may serve as important cues for acoustically orienting predators (Walker 1964; Bell 1979; Sakaluk & Belwood 1984) or parasitoids (Cade 1975; Wagner 1996; Lehmann 2003) searching for their orthopteran prey or host. Similarly, on the basis of their song, orthopterologists can detect and reliably identify specimens in the field without causing any damage to them or to their habitat, which is especially advantageous when examining populations of endangered or protected species (Fischer et al. 1997; Riede 1998) . Therefore acoustic communication have to be regarded as one of the most important elements of the behaviour of singing Orthoptera and the detailed description of their acoustic signals makes an important contribution to our knowledge of their biology.
Involving probably the largest European orthopterans, the genus Saga Charpentier, 1825 comprises 13 species, of which six inhabit Europe (Heller et al. 1998) , mostly the Balkans, while the rest live in Asia (Caucasus, Turkey, Syria, Lebanon and Israel). All of them are obligatory carnivores (Kaltenbach 1970) . Despite their enormous size and the fact that both males and females are flightless, it is really hard to find them in the field. However, they are typical stalk hunters (Kaltenbach 1970) and spend a lot of time motionless fading into the plantscape with their green or light brownish colour thus reducing the risk to become a prey. Due to their enormous size and lower capability to escape, they are quite vulnerable, though, not protected (except for S. pedo). Furthermore, their populations comprise small c 2008 Institute of Zoology, Slovak Academy of Sciences (Kaltenbach 1970) .
Because of their cryptic behaviour and low population density it is especially useful to have detailed information on the male calling songs of the species. Our knowledge on the bioacoustics of European Saga was summarized by Heller (1988) . In his book detailed descriptions of the male calling songs of three Saga species (S. natoliae, S. hellenica and S. campbelli) are given. The songs of the two remaining European nonparthenogenetic Saga species (S. rammei and S. rhodiensis) have not been studied in a depth comparable to Heller's work. The main goal of this paper is to present a detailed description of the song of S. rammei providing information, which may be useful to researchers working on the phylogeny, behaviour and taxonomy or conservation biology of this interesting bush-cricket genus.
Material and methods

Specimens examined
Three males of S. rammei Kaltenbach, 1965 and one of S. natoliae Serville, 1839 were collected on the 12 th July, 2006 on a rocky hill area (300-350 m a.s.l.) near the village of Bogoslovec, Štip Municipality, Macedonia. In the surrounding area of Štip there are several habitat patches suitable for S. rammei: xerotherm, rocky hills dominated by grasslands, with some bushes of Prunus spinosa L. , Paliurus spinachristi Mill., Phillyrea latifolia L. and pine trees introduced. We sought for the bush-crickets in a team of four entomologists on several places, but found S. rammei only at the above mentioned locality. The small sample of three males was collected as a result of considerable efforts.
Considering the other species mentioned in the text, the specimens of Saga campbelli campbelli Uvarov, 1921 were collected near Kresna town on a plateau at Gorna Breznica village -Maleshevska Mt. at 800 m in Bulgaria. The examined Saga campbelli gracilis Kis, 1962) specimen was collected on 16 th June, 2006 (as a nymph) in East Rodopi Mts (South-East Bulgaria), 1 km S of Cherni Rid village (∼41
• 31 N, 25
• 59 E), 500 m a.s.l., in xerophilous grasslands. Saga hellenica Kaltenbach, 1967 was collected at Gorno Nerezi village, near Skopje on Vodno Mountain, 600-700 m a.s.l.
Sound recording and analysis
Sound recordings were made in our laboratories in Hungary. Audio-range recordings (containing only the 20-20,000 Hz frequency components) were made with a condenser microphone (Audio-technika AT 831B) connected to an amplifier (TASCAM M216). Those recordings were digitally recorded with a PC equipped with a Muse 5.1 sound card using the software Adobe Audition 1.5. Wide-band recordings (20-125,000 Hz) were made using a Brüel & Kjaer microphone (4939) connected to a PC equipped with a data acquisition card (NI DAQ 6221) through a signal conditioning amplifier (Bruel & Kjaer: Nexus). The collected data were transformed into wav files using the software Convert 1.0 (developed by S. Zsebők). Adobe Audition 1.5 was used to perform oscillographic and spectrographic analyses. For the circumstances of the recordings see Table 1 .
Bioacoustic terminology
The song terminology used in this study:
Calling song: spontaneous song produced by an isolated male.
Syllable: the song produced by one opening-closing movement cycle of the tegmina.
Syllable repetition period: one syllable and the following silent inter-syllable interval.
Impulse: a simple, undivided, transient train of sound waves (here: the highly damped sound impulse arising as the impact of one tooth of the stridulatory file).
Examined oscillographic parameters
Duration of echemes (DE) was measured from the end of the first recognizable syllable to the end of the last syllable. Echeme repetition period (ERP) was measured from the beginning of an echeme to the beginning of the next echeme. The number of syllables per echeme (NS) contains all the recognizable syllables of an echeme. Duty-cycle (Dc) is the ratio between DE and ERP (Dc = DE/ERP). Scanning electron microscopy For scanning electron microscope investigations the left elytron of a male specimen of S. rammei was fixed in 4% cacodylate-buffered formaldehyde. Then the wing was dehydrated in ascending ethanol and dried at critical point with CO2. After that its surface was coated with atomic gold layer. The preparations have been examined with a JEOL JSM-35 scanning microscope.
Results
Stridulation was observable only in the males. The male calling song is produced rubbing a file of stridulatory pegs situated on the ventral surface of the left elytron against a scraper at the inner margin of the right elytron. The stridulatory file has a characteristic curve at the proximal end (Fig. 1) . Pegs are positioned tightly, side by side throughout the straight part of the file, however, there is a gappy part at the proximal end after the curvature. Peg-size increases gradually from the ends towards the middle section of the file. The largest pegs in the middle are 3-4 times wider than the ones at the ends. The stridulatory file of the examined specimen contained 33 stridulatory pegs.
The male calling song of S. rammei is a long echeme sequence of apparently indefinite duration (Fig. 5A) . (The length of echeme sequences varied between 12 and 171 s in the three examined specimens). Echeme repetition is even during the whole sequence. Each echeme is a dense sequence of syllables, which can be divided into an initial and a main part (Fig. 2B) . The initial part lasts approximately one third of the duration of the whole echeme. During that part syllables become successively louder and longer composed of more impulses, and separated by shorter inter-syllable gaps. After the initial crescending part syllable amplitude reaches its maximum and becomes constant during the main part of the echeme. During that part syllables are produced in quick succession so that the silent intersyllable gaps between them are much shorter than the syllables. After the first few slowly repeated syllables, syllable repetition is even throughout the echeme.
Syllables are composed of two impulse-series: a quieter (Q) and a louder one (L) (Fig. 3B) . At the beginning of the echeme the amplitude difference between Q and L impulse-series is little, but becomes gradu- ally larger during the initial part of the echeme. For most part of the echeme Q is shorter and composed of a lower number of impulses than L. However, interestingly Q and L have nearly the same duration at the end of the initial part of the echeme. During the main part of the echeme Q is much shorter than L and the component impulses follow each other with an increasing repetition rate and decreasing amplitude. For L the opponent pattern is typical: impulse repetition rate decreases while the amplitude increases toward the end of the impulse-series (Fig. 3B) . Descriptive statistics for the basic oscillographic song parameters are given in Table 2 . The song has a wide-band frequency-spectrum extending far in the ultrasonic range: its sound-energy is distributed between 15 kHz and 80 kHz (Fig. 4) . Within that range the most intensive components can be found between 25 kHz and 40 kHz. The sonographic and oscillographic pattern of the echemes shows that the signal is mainly amplitude modulated (Fig. 2) with approximately constant spectral features, however, the spectra of Q and L impulse-series show characteristic differences ( Figs 3A, 4) . In L impulse series there are two eminent power peaks between 25 kHz and 35 kHz with nearly the same intensity, while in Q impulse-series sound intensity is more evenly distributed along the 25-80 kHz frequency range with three or several less eminent power peaks. Spectral modulation could not be observed within either impulse-series (Fig. 3A) .
During the main part of the echemes sound pressure fluctuated with an average RMS of 89 dB SPL (peak sound pressure was around 110 dB SPL) at a distance of 30-45 cm from the singing male (regarding the 0-100 kHz frequency band).
Discussion
The oscillographic pattern of the male calling song of S. rammei is rather similar to those observable in the other three European Saga species (S. natoliae, S. hellenica, S. campbelli) in which the male calling song has been studied in detail (Heller 1988) .
In all those species the song is a sequence of echemes, which are composed of evenly and quickly repeated syllables. Echemes begin with a gradually crescending initial part that leads to the main part of the echeme where the peak amplitude of the syllables is nearly constant. Regarding the structure of syllables the species produce two basic patterns: mono-hemisyllabic syllables (S. natoliae) and diplo-hemisyllabic syllables (S. hellenica, S. campbelli and S. rammei). In monohemisyllabic syllables only the hemisyllable produced by the closing wing movement can be observed (Heller 1988) , while in diplo-hemisyllabic syllables both opening and closing hemisyllables are clearly present. Contrary to the structural uniformity of the songs of European Saga species, the male calling song of S. rammei seems to be rather specific regarding its quantitative oscillographic features (Table 2 ). Simple twodimensional scatter plots suggest that amongst the European Saga species S. rammei produces the shortest echemes composed of the lowest number of syllables repeated with the highest syllable repetition rate and that species sings with shortest echeme repetition period ( Figs 7A, B) . Duty-cycle is the highest among the studied species. Those quantitative features make the song of S. rammei distinct and easily recognizable, and therefore could be used by females or males for species recognition.
The song of S. rammei has wide-band frequency spectrum containing well detectable frequency components between 15 kHz and 80 kHz. Its intensity maximum is in the 20-30 kHz range similarly to the other three European Saga species (S. natoliae, S. hellenica, S. campbelli) where such information is available (Heller 1988) . The spectral differences showed by the Q and L impulse-series in S. rammei is also a common feature with the other Saga species singing diplo-hemisyllabic syllables. The mechanism behind that spectral alteration is not known, but on the ba- Signs: Saga rammei -plus, S. campbelli campbelli -square, S. campbelli gracilis -triangle, S. natoliae -circle, S. hellenicaasterisk.
sis of the results on the wing movement patterns of related species the difference must be related to the opening and the closing movement of the tegmina. Spectral modulation is rarely described in Orthoptera (but see Pipher & Morris 1974 , Römer 1994 ) and very little is known about its function. Desutter-Grandcolas (1998) proposed hypotheses concerning the function of broadfrequency modulation in the crickets Eneoptera guayanensis Chopard, 1931 and Lerneca fuscipennis (Saussure, 1874): frequency modulation may add valuable features to the male signal which may help conspecific males or females to assess the singer's species identity, location or other personal properties, also varying the spectral features of the song may reduce the masking effect of environmental noise or other signals; on the other hand for predators or parasitoids frequency modulation may act as a disturbing effect during their phonotactic approach to the prey or host. However, in Saga frequency modulation might be also simply a by-product of the sound producing mechanism of the opening and closing wing strokes. This study is only the first step to understand acoustic communication in S. rammei. Several questions emerge and remain open. First of all we know nothing about the real function of the male songs in Saga. During our preliminary experiments females showed no interest towards male calls, and according to Burr et al. (1923) we also observed that it is the singing male which approaches the stationary and silent female before copulation. These observations suggest that the male calling songs do not serve to attract females as it is general in non-duetting singing Orthoptera (e.g., Robinson & Hall 2002; Rössler et al. 2006) . Instead of that in these large predatory insects male acoustic signals might serve to make females accept the approaching male and to avoid female aggression against the courting male (see Kaltenbach 1970; Sänger 1987) similarly to the male courtship of other arthropods where females are equipped with a weaponry dangerous to the males, e.g., jumping spiders (Elias et al. 2005) .
We hope that the results of our study will stimulate further bioacoustic research on these interesting predatory bush-crickets. And the song description presented here will help entomologists to detect the specimens of these cautious and rare insects living in low density populations during faunistic surveys or population censuses.
